We propose and demonstrate a compact, alignment-free dark-field microscopy technique, termed as organic light-emitting-diode-based plasmonic dark-field microscopy. Experimental results show that it is capable of forming dark-field images of the specimens utilizing a highly integrated chip-scale plasmonic condenser. This technique has high z resolution and high imaging contrast and is suitable for the dynamics study near the contact regions of living cells and the substrate. © 2012 Optical Society of America OCIS codes: 240.6680, 130.3120.
Invented several hundred years ago, the optical microscope is still an irreplaceable tool for life science research today, because light is undoubtedly the best way to examine living cells noninvasively. As a special optical imaging technique, dark-field (DF) microscopy is a spectacular method to form high-contrast images of unstained transparent specimens. In order to form a bright specimen image on a dark background, oblique rays from every azimuth are allowed to strike the samples, but only light scattered from the specimens is collected by the objective, as is shown in Fig. 1 (a) in a transmission mode. A bulky condenser with an opaque light stop in the middle is used to guide the illumination light and needs to be aligned precisely with a detection objective. In reflection DF microscopy, this process is fulfilled by a specially designed DF objective combined with a reflection cube. In both cases, the numerical aperture (NA) of imaging objectives used in a DF microscope has to be smaller than that of the illumination optics, which in return hampers the resolution.
To further utilize the imaging capability of high NA objectives, NA of 1.2-1.4 DF condensers such as paraboloid or cardioid condensers have been developed [1] . These condensers can greatly improve the imaging resolution, but they require special design and are sensitive to alignment [1, 2] . Although conventional DF microscopy has excellent imaging capability, it either requires bulky condenser optics and precise alignment or special as well as expensive DF objectives. To circumvent the limitations of conventional DF microscopy, several surface plasmon (SP)-related techniques, such as fluorescent-dye-based plasmonic dark-field (PDF) microscopy [3] , prism-or solid immersion lens (SIL)-based dark-field surface plasmon microscopy [4, 5] , and surface-wave-enabled darkfield aperture (SWEDA) [6] , have been proposed and demonstrated recently. Although these techniques have many advantages compared to conventional DF microscopy, they also have limitations. For example, they require external light sources to either excite the SP field or project the image of the object to the SWEDA [3] [4] [5] [6] , which reduces the compactness of the systems. Also, both fluorescent-dye-based PDF microscopy and SWE-DA only work at a narrow wavelength range, limited either by the emission wavelength of the fluorescent dye or the optimized SWEDA structure [3, 6] .
In order to improve the overall performance and further compactify a PDF microscope, we propose an organic light-emitting diode (OLED)-based PDF microscopy. This technique integrates a plasmonic structure with an OLED to serve as an active plasmonic condenser (PC), shown in Fig. 1(b) . Such integration not only eliminates the need for an external illumination light source but also significantly reduces the physical size of the light condenser. Similar to fluorescent-dye-based PDF microscopy [3] , SP is used as the illumination source in this technique. It can be excited by the light-emitting molecules in the OLED through a near-field coupling mechanism. The evanescent field property of the SP wave assures a perfectly dark background for far-field detection, while the objects within the SP field region act as couplers to convert partial SP energy into propagating light [7] . Therefore, a high-contrast dark-field image of the specimen is formed if the propagating light is collected by conventional objectives. Because SP waves exponentially decay away from the metal surface, this technique possesses extremely high resolution and sensitivity along the z direction and is suitable for studying the dynamics of molecules and proteins that occur in the vicinity of the cell substrate interface.
The OLED-based PC in our experiment is composed of a layer of aluminum (Al) film deposited on top of an , and 1 nm LiF∕60 nm Al film are used for hole injection, hole transport, electron transport, and electron injection layer, respectively [8] [9] [10] . When appropriate bias voltage is applied, the OLED emits white light from the indium tin oxide (ITO) side, as shown in Fig. 2(c) . Figure 2 (d) is a normalized electric luminance spectrum at 20 mA∕cm 2 measured by a PR650 spectrophotometer with a DC source controlled by a connecting computer. The 60 nm Al film serves not only as the electrode for the OLED but also the SP supporting medium, where SP can be excited through near-field coupling with the organic light-emitting molecules in the blue and yellow emission layers. Therefore, there is no visible light emission from the Al side, as the SP waves are evanescent field. The choice of white light OLED enables a broadband detection across the whole visible spectrum. Note that a thin passivation layer (40 nm NPB) was also deposited on top of the metal film to keep the organic molecules from oxygen and water vapor to reduce their damage.
To demonstrate the imaging capability of the OLEDbased PC, we fabricated a single layer of two-dimensional hexagonally close-packed lattice of the polystyrene beads (diameter 2 μm) on top of the 40 nm NPB layer using a selfassemble method. Since the illumination SP waves exist only at the metal surface, no alignment between the PC and the detection objective is needed, as opposed to the case of conventional transmission DF microscopy. The scattered white light from the polystyrene particles was collected by a standard optical microscope objective (LD EC Epiplan-NEOFLUAR, 50×, NA 0.55) and then captured by an Andor camera (iXonEM 897), shown in Figs. 3(a) and 3(b) . The images express a bright signal at the region between the particles and a dim signal in the middle of the particles. The area with no presence of particles expresses as a dark background. Considering the refractive indices for polystyrene particle and air are 1.5 and 1, respectively, a bright scattering signal is obtained from the refractive index discontinuous region, which is the edges of the beads. This confirms that the image acquired is indeed a dark-field image, which is also consistent with results obtained by fluorescent-dye-based PDF microscopy demonstrated before [3] . Therefore, OLED-based PDF microscopy is capable of forming highcontrast images of objects lying close to the metal film with a highly integrated active PC without any additional light sources. We also performed an interpolation, noise reduction, and deconvolution process that has been widely applied to conventional microscopy imaging techniques, and the results are presented in Figs. 3(c) and 3(d) , respectively. The signal-to-noise (S/N) ratio as well as overall image quality shows visible improvement.
Since the high-contrast imaging capability of the OLED-based PC comes from the evanescent nature of the SPs, the resolution along the direction perpendicular to the metal film as well as the S/N ratio strongly depend on the decay property of the SPs. Due to its short decay length, unwanted scattering from objects far from the interface can be avoided, and only objects within close vicinity to the plasmonic structure are imaged. Further increasing the z resolution and the S/N ratio can be realized by engineering the SP decay properties. Using carefully designed plasmonic structures suggested in the literature [11] , the SP field with decay length much shorter than that created by other techniques such as total internal reflection can be achieved.
Besides the SP decay length, S/N ratio can also be influenced by other factors such as the coupling efficiency to SP and the surface roughness of the films. The coupling between the organic light-emitting molecules and the plasmonic structure can be calculated by modeling the device as isotropically orientated dipoles in the vicinity of a metallic structure [12] [13] [14] . As is known, there are two plasmonic modes existing in OLED/Al/protection layer-air structure. The mode with a large wave vector is excited by the evanescent field of OLED light-emitting dipoles, while the other one with a relative small wave vector can be exicted either by the propagating light or evanescent field generated by the light-emitting dipoles, depending on its wave vector and the refractive indices of the dielectric layers inside OLED. After considering the contribution from both SP modes, about 0.01% of the energy is coupled to the field on the air side [ Fig. 4(a) blue {lower} curve], and it can be increased by 100 times by reducing Al thickness to 30 nm [ Fig. 4 (a) red {upper} curve] to decrease the attenuation of the large k vector mode through metal film as well as increase the coupling efficiency of the relative small k vector mode, as indicated by the total intensity distribution in Fig. 4(b) . Besides decreasing the metal film thickness, the efficiency can be further increased by optimizing dipole/metal distance and protection layer thickness as well as refractive index, replacing Al to less lossy metal such as Ag, etc. The remaining energy is either coupled to lossy waves, emitted from the ITO side of the OLED, or transmitted through 60 nm Al film. Besides the direct transmitted light through metal film, photons rising from the scattering of the SP by surface roughness (2 nm rms for our device) also contribute to the background. The S/N ratio for the prototype device is about 2.4 and can be enhanced by increasing the coupling efficiency to SP, reducing film surface roughness by better deposition technique, etc. The dark circular defect at the top right of Fig. 3(a) is caused by the damage of the organic light-emitting molecules due to oxygen and water vapor and can be avoided by an improved passivation method [15] [16] [17] . We want to emphasize that the image acquisition time in the current demonstration can be reduced for real-time microscopy applications by increasing the coupling efficiency to SP, increasing OLED power, or using higher electronic gain for an imaging CCD detector.
As our experimental results show, OLED-based PDF microscopy is a highly compact, alignment-free approach to achieve high-contrast imaging of objects close to the interface. Since its dark-field imaging capability is enabled by evanescent field illumination instead of oblique ray illumination, OLED-based PDF microscopy doesn't set any constraint on the NA of the detection objectives. Therefore, the capability of high NA objectives can be fully utilized to form high-resolution DF images. Moreover, since the principles of OLED-based PDF microscopy are similar to fluorescent-dye-based PDF microscopy, it shares the same advantages, such as large field of view, potential applications to fluorescent microscopy, etc. [3, 18, 19] . By integrating plasmonic structure with the white light OLED, white light OLED-based PC is more compact and can work across the whole visible spectrum compared with fluorescent-dye-based PC, prism-or SIL-based dark-field surface plasmon microscopy, and SWEDA [3] [4] [5] [6] . Through an appropriate specimen-removing process, the device can be recycled for multiple measurements. The PC can also be further integrated with other lab-on-a-chip structures, such as microfluid channels, etc., to accomplish dark-field highcontrast imaging on a multifunction chip. It may have potential applications in fields such as bioimaging, sensing, and point-of-care diagnostics.
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